In order to assess the impact of the Sanitation by Communities (SANIMAS) program for community-led sanitation in Indonesia (established in 2002), this research work was conducted with the aim of characterizing the current performance of anaerobic baffled reactors (ABRs), which were deployed in high numbers for the provision of domestic wastewater treatment in densely populated urban areas in Malang (Indonesia). Small and decentralized sewage treatment facilities serve ≈3% of the total population in Malang, including 89 ABR treatment plants. Our findings reveal that only 14% of the 89 ABRs in Malang have an acceptable performance with regard to pollutant removal and integrity of their building structure, but the majority of them produce a treated effluent of poor quality, according to discharge consents set by the Ministry of Environment and Forestry of the Republic of Indonesia (Regulation No. P.68/2016). Clearly the lack of consistent operation and maintenance practices have had a detrimental effect on these decentralized sewage treatment systems, despite their robustness and buffer capacity to cope with changes in organic and hydraulic loading rates. Urbanization will continue to exert pressure on the provision of sanitation services in lower and middle economies, and the role of decentralized sewage management systems is expected to be prominent in the UN's Sustainable Development Goals era (2015)(2016)(2017)(2018)(2019)(2020)(2021)(2022)(2023)(2024)(2025)(2026)(2027)(2028)(2029)(2030); however, sustainable service delivery must be conceived beyond the provision of sanitation infrastructure.
Introduction
Indonesia is the fourth most populous country in the world with a population of approximately 263 million people in 2017 and a population density of 146 habitants/km 2 . Over 50% of the total Indonesian population lives on Java Island, which is the most populated island in Indonesia with 940 habitants/km 2 [1] . The majority of the population in Java Island live in cities, which has a detrimental impact on public health and environmental quality due to the limited capacity to provide water and sanitation services at a pace to match urban population growth. A growing population will demand services like water supply, which in return contributes to increasing wastewater discharges into an already under developed sanitation infrastructure. In addition, untreated wastewater discharges add pressure to environmental ecosystems, particularly surface water and groundwater resources [2] .
In Indonesia, 95% of on-site and decentralized sanitation infrastructure does not properly confine fecal material and hence, sewage and fecal sludge leakages into the ground or to surface water bodies are very common, with almost inevitable effects of widespread environmental contamination, prevalence of waterborne diseases and other public health risks [3] . Additionally, an estimated 40-60% of urban areas in Indonesia's cities are unplanned or informal settlements that incrementally developed without proper urban infrastructure standards [4] .
The Indonesian government has implemented decentralised wastewater treatment systems to improve public health and environmental quality in urban areas under the national programme for community-led sanitation, Sanitation by Communities (SANIMAS). This program started in 2002 and by 2010 it had already reached over 100 cities across 22 provinces [5] . The SANIMAS program provided several public health engineering interventions including communal septic tanks; communal bathing, washing and toilet facilities; and decentralized sewer networks coupled with small wastewater treatment plants in urban areas. This approach is attracting growing attention in Indonesia, particularly when considering not only the direct participation of local communities but also its flexibility regarding management requirements and low-cost technology [6, 7] .
As part of the SANIMAS program in Indonesia, the provision of improved sanitation is mainly based on the use of flushing toilets connected to anaerobic baffled reactor (ABR) units, working as upgraded septic tanks for on-site sewage treatment in densely populated urban areas (i.e., one tank per 100-500 households) [8] . Despite their low operating and maintenance costs, high removals of organic matter and solids are expected as well as a reliable buffer capacity to absorb organic and hydraulic shock loadings [8] [9] [10] [11] . However, current ABR units in operation have reported low performance for nutrient (N and P) and pathogen control [12, 13] . Water bodies receiving effluents from ABR units are likely to suffer from poor water quality triggered by the presence of nutrients (i.e., eutrophication), that may limit potential economic opportunities (e.g., fluvial transport and fishing) for downstream riverine communities, and pathogens posing public health risks due to the potential transmission of waterborne diseases. Therefore, the long-term sustainability of the SANIMAS program is uncertain.
This research work aims to explore the current coverage and performance of on-site sanitation facilities based on the use of ABR units in urban Malang and to identify current hurdles affecting the long-term sustainability and impact of decentralized sanitation services.
Materials and Methods

Sanitation Facilities Survey
A complementary study on the actual condition and management of decentralized wastewater treatment systems was conducted to investigate the current condition of sanitation facilities in Malang through the availability of secondary data. Secondary data related to the performance of ABR and type of sanitation facilities were provided by the Office of Public Works and Spatial Planning and the Office of Public Health of Malang.
Wastewater Sampling and Analytical Methods
Grab samples were taken from the influent and effluent of 23 decentralized wastewater treatment systems using ABR units, which were spread over five districts in Malang City. Selected ABRs were chosen based on their structure performance. These samples were taken during the day between March and April 2018. Biological and physicochemical parameters like temperature, pH, dissolved oxygen (DO), biological oxygen demand (BOD), total suspended solids (TSS), ammonium (NH 4 + ), total Kjeldahl nitrogen (TKN), total phosphorus (TP), and total coliforms (TC) were analyzed after sample collection at the Jasa Tirta Laboratory (Malang, Indonesia). Laboratory analyses were performed following standard methods for the examination of wastewater samples [14] .
Results and Discussion
Sanitation Facilities in Malang
The SANIMAS program provided several types of sanitation infrastructure in Malang, including communal septic tanks; communal bathing, washing and toilet facilities; and decentralized sewer networks coupled with small wastewater treatment plants in urban areas. However, collected data show that communities in Malang city use the following typologies of sanitation facilities: (a) water-sealed toilet connected to sewer network, but no treatment for all (72%); (b) pit latrine with no proper fecal sludge management (8%); and flushing toilets connected to decentralised wastewater treatment using ABRs (3%). Approximately 17% of the population in Malang still practice open defecation (ODF) (see Figure 1) [15, 16] . Currently, there are 89 ABR sites in Malang city (Figure 2 ). Those ABRs are distributed in five districts: Blimbing (18), Kedungkandang (19) , Klojen (11), Lowokwaru (14) and Sukun (27) . ABR units in Malang have been built since 2007, and new units are still to be built. They have been constructed using different funding sources including local community resources, central government funds (e.g., the Special Allocation Fund (DAK)), and foreign donor programs (e.g., the Asian Development Bank (ASD) through the Urban Sanitation and Rural Infrastructure (USRI) project, and the World Bank).
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Most of the existing ABRs in Malang were built in slum areas with poor sanitation infrastructure, high population density (150-500 people/ha), low-income communities, illegal settlements, and unplanned residential areas with very narrow streets [17] .
However, the implementation of the decentralised wastewater treatment system in Malang has not covered all the intended population yet. The service provided by the decentralized system covers less than 5% of the total population in Malang city with a distribution of coverage per district as follows: Blimbing, 1.78%; Kedungkandan, 2.7%; Klojen, 1.5%; Lowokwaru, 1.89%; and Sukun, 1.89% (see Figure 3) . As a consequence, large volumes of untreated or inadequately treated wastewater are discharged into the environment, particularly surrounding surface water bodies, and lead to a detrimental decline in river water quality [18, 19] .
In many urban areas discharging untreated wastewater into rivers still occurs, which causes significant problems related to sediment transport and deposition, and river water quality [20] . The discharge of untreated wastewater not only increases the concentration of nutrients and organic compounds in the aquatic ecosystem but also changes the structure of river communities. Moreover, pathogenic bacteria, viruses and parasitic protozoa from human excreta found in the discharge of However, the implementation of the decentralised wastewater treatment system in Malang has not covered all the intended population yet. The service provided by the decentralized system covers less than 5% of the total population in Malang city with a distribution of coverage per district as follows: Blimbing, 1.78%; Kedungkandan, 2.7%; Klojen, 1.5%; Lowokwaru, 1.89%; and Sukun, 1.89% (see Figure 3) . As a consequence, large volumes of untreated or inadequately treated wastewater are discharged into the environment, particularly surrounding surface water bodies, and lead to a detrimental decline in river water quality [18, 19] . In many urban areas discharging untreated wastewater into rivers still occurs, which causes significant problems related to sediment transport and deposition, and river water quality [20] . The discharge of untreated wastewater not only increases the concentration of nutrients and organic 
Design Criteria for ABR Units in Indonesia
Design criteria for dimensioning ABR units in Indonesia are reported in national technical standards (i.e., PERMEN PUPR No. 04/2017, Republic of Indonesia) and presented in Table 1 . An ABR unit is an improved version of a septic tank with a series of baffles, which force the wastewater to flow along the reactor to reduce short-circuiting and to enhance solids removal; ABRs typically consist of three to six chambers [22] [23] [24] [25] . Figure 4 shows an example of the typical configuration of implemented ABRs located in Bareng, Malang.
Basic design parameters required to calculate the dimensions of ABR units are presented as follows:
Average daily wastewater flow: The volumetric flow rate of wastewater is the most crucial design criteria for a decentralised wastewater treatment system [24] . In this study, wastewater flow from each monitored ABR unit was estimated from drinking water consumption at household level by assuming that typically 60-80% of water consumed is converted into wastewater flow [24, 25] . Figure 5 presents the average daily flow rate of domestic wastewater that flows through ABR units at different locations in Malang city (see Figure 2 ). Calculations were made considering the number of users connected to ABR units, the average daily water consumption per capita (150 L/p/d) and a return factor of 0.8 [26] . Figure 5 reveals that the actual daily flow rate of wastewater treated in 98% of the ABR units monitored was still lower than the average design flow rate, which was mainly due to the lower number of users connected. This situation was prevalent due to the discrepancy between the infrastructure provided by the local government (i.e., decentralized sewerage and wastewater treatment facilities) and expectations from the community (i.e., it was expected that the community undertake the work required to connect households to the sewer network). However, financial issues were often the most critical factor preventing local communities from undertaking the work needed to properly dispose of their wastewater into the sanitation infrastructure provided. From the data collected in this study, only two ABRs out of 89 were overloaded with a number of users served higher than their design capacity.
Up-flow velocity: The maximum up-flow velocity recommended in ABR units is 2 m/h [23] . This study accessed about 17 ABRs to measure the actual dimensions of the structure and to calculate up-flow velocities. The average up-flow velocity was 0.23 m/h from an interval ranging from 0.10 to 0.42 m/h. These up-flow velocities, calculated based on estimated flow rate, are present in Figure 5 . Those results were lower than figures reported for up-flow velocities in ABR units in other regions in Indonesia, which varied from 0.60 to 1.30 m/h [27, 28] .
Organic loading rate: The average organic loading rate in the ABR units monitored in this study was 0.4 g COD/L/d, which is far below the recommended values (design criterion: 1.2-1.5 g COD/L). As a consequence, ABR units are often underloaded, which promotes higher accumulation of sludge (i.e., septage) in the first chamber but reduces, even more, the amount of nutrients available in the following compartments. That condition inevitably hinders the overall process efficiency as the growth of bacterial biomass will be affected due to the lack of nutrients and long residence times [23] . Basic design parameters required to calculate the dimensions of ABR units are presented as follows: Average daily wastewater flow: The volumetric flow rate of wastewater is the most crucial design criteria for a decentralised wastewater treatment system [24] . In this study, wastewater flow from each monitored ABR unit was estimated from drinking water consumption at household level by assuming that typically 60-80% of water consumed is converted into wastewater flow [24, 25] . Figure  5 presents the average daily flow rate of domestic wastewater that flows through ABR units at [26] . Figure 5 reveals that the actual daily flow rate of wastewater treated in 98% of the ABR units monitored was still lower than the average design flow rate, which was mainly due to the lower number of users connected. This situation was prevalent due to the discrepancy between the infrastructure provided by the local government (i.e., decentralized sewerage and wastewater treatment facilities) and expectations from the community (i.e., it was expected that the community undertake the work required to connect households to the sewer network). However, financial issues were often the most critical factor preventing local communities from undertaking the work needed to properly dispose of their wastewater into the sanitation infrastructure provided. From the data collected in this study, only two ABRs out of 89 were overloaded with a number of users served higher than their design capacity. Up-flow velocity: The maximum up-flow velocity recommended in ABR units is 2 m/h [23] . This study accessed about 17 ABRs to measure the actual dimensions of the structure and to calculat.e upflow velocities. The average up-flow velocity was 0.23 m/h from an interval ranging from 0.10 to 0.42 m/h. These up-flow velocities, calculated based on estimated flow rate, are present in Figure 5 . Those results were lower than figures reported for up-flow velocities in ABR units in other regions in Indonesia, which varied from 0.60 to 1.30 m/h [27, 28] . Organic loading rate: The average organic loading rate in the ABR units monitored in this study was 0.4 g COD/L/d, which is far below the recommended values (design criterion: 1.2-1.5 g COD/L). As a consequence, ABR units are often underloaded, which promotes higher accumulation of sludge (i.e., septage) in the first chamber but reduces, even more, the amount of nutrients available in the following compartments. That condition inevitably hinders the overall process efficiency as the growth of bacterial biomass will be affected due to the lack of nutrients and long residence times [23] .
Structure Performance of Current ABRs
ABRs in Malang city have been built with funds from different sources since 2007 (see supplementary data), with five new units currently under construction in 2018, three of them were funded by local government budgets (APBD) and the two ABRs were financed by the DAK. Among the total number of current ABR sites in Malang (89 in total), only 14% reported good structural performance while 41% of those have shown acceptable performance and the capacity to remove 
ABRs in Malang city have been built with funds from different sources since 2007 (see supplementary data), with five new units currently under construction in 2018, three of them were funded by local government budgets (APBD) and the two ABRs were financed by the DAK. Among the total number of current ABR sites in Malang (89 in total), only 14% reported good structural performance while 41% of those have shown acceptable performance and the capacity to remove pollutants from wastewater. On the other hand, the remaining ABR reactors had low performance, and the wastewater effluent did not meet the effluent standards ( Figure 6 ). This performance was evaluated from the construction of ABR itself and whether there was damage in the structure of the plant or the small sewerage system (e.g., cracks). The Office of Public Works and Spatial Planning has categorized the structural performance of ABRs into four types: Good, adequate, bad and very bad ( Figure 6 ). pollutants from wastewater. On the other hand, the remaining ABR reactors had low performance, and the wastewater effluent did not meet the effluent standards ( Figure 6 ). This performance was evaluated from the construction of ABR itself and whether there was damage in the structure of the plant or the small sewerage system (e.g., cracks). The Office of Public Works and Spatial Planning has categorized the structural performance of ABRs into four types: Good, adequate, bad and very bad ( Figure 6 ). Site inspections reported that low maintenance and less community involvement in the operation of the system have a crucial impact on the long-term sustainability and performance of ABRs. With regard to the cost-benefit of ABRs, it was reported that one ABR (serving 320 people) built in Bareng Sub-district of urban Malang cost approximately US$23,440 in 2012, including a US$379 contribution collected from the local community (see detailed design in Figure 4 ). The total investment was used to cover labor and construction materials for delivery of a decentralized sewer network and a small wastewater treatment plant based on ABRs. The tangible benefits to the community will ultimately depend on the implementation of proper operation and maintenance practices. 
Current Performance of ABR Units
A total of 23 out of 89 wastewater treatment plants in Malang city were visited to collect samples from the influent and effluent of ABR units to assess their performance for further analysis. Figure 7 summarizes the performance of 23 ABR units monitored. The wastewater could be categorized as Site inspections reported that low maintenance and less community involvement in the operation of the system have a crucial impact on the long-term sustainability and performance of ABRs. With regard to the cost-benefit of ABRs, it was reported that one ABR (serving 320 people) built in Bareng Sub-district of urban Malang cost approximately US$23,440 in 2012, including a US$379 contribution collected from the local community (see detailed design in Figure 4 ). The total investment was used to cover labor and construction materials for delivery of a decentralized sewer network and a small wastewater treatment plant based on ABRs. The tangible benefits to the community will ultimately depend on the implementation of proper operation and maintenance practices.
A total of 23 out of 89 wastewater treatment plants in Malang city were visited to collect samples from the influent and effluent of ABR units to assess their performance for further analysis. Figure 7 summarizes the performance of 23 ABR units monitored. The wastewater could be categorized as low to high strength wastewater [29] . BOD concentration in the inlet varied from 21 to 1588 mg/L and fluctuated among the different ABR sites across the city (average BOD = 480 mg/L). On average, BOD removal efficiency was 74%, and BOD effluent concentration was 67 mg/L. The concentration of BOD in the effluent of ABR units monitored was higher than the figure set by Indonesian standards for the discharge of domestic wastewater (BOD < 30 mg/L) [30] . The average removal efficiency of these ABRs was higher than that of the ABR used to treat high strength domestic wastewater in Nepal which was 68% with BOD concentration of raw wastewater of 1594 mg/L [31] . In 2012, Kerstens and his co-worker observed the decentralized wastewater treatment systems (DEWATS) using ABR of nine cities in Indonesia, and those ABR produced BOD effluent concentrations of 50 mg/L [32] . This reveals that majority of BOD concentrations in treated wastewater through ABR systems are still higher than the consent limit.
The higher effluent concentration found in ABR units might be a result of poor operation and maintenance activities, but also due to design criteria implemented according to previous quality standards that allowed a maximum BOD concentration of 100 mg/L in the effluent of wastewater treatment systems [33] .
Similarly, the concentration of TSS in the final effluent was higher than the current discharge consent (TSS < 30 mg/L; [30] . TSS content in raw urban domestic wastewater ranged from 30 mg/L to 3559 mg/L with an average value of 799 mg/L. The average TSS removal efficiency was 66%, as a result, 64% of 23 ABR units monitored did not produce an effluent that met the TSS discharge consent. This, quite low, performance might have been influenced by stormwater since water samples were collected during the rainy season. TSS removal efficiencies in this work were very similar to the results reported by Singh and his co worker, who reported average TSS removal efficiencies in ABRs of 68%, with mean TSS concentrations in raw domestic wastewater of 1506 mg/L [31] .
Despite the advantages of ABR units such as low operation and maintenance costs, high removals of organic matter and solids, and resilience to organic and hydraulic shock loading [8] [9] [10] [11] , current operating units have reported low performance for nutrient (N and P) and pathogen control [12, 13] . The average efficiency for TKN removal found in this research was 43%, and the maximum was 84%. Surprisingly, ammonium removal was also 43%, and most of the visited ABRs produced effluent with ammonium concentrations higher than the desired discharge effluent standard of 10 mg/L. Reynaud and his co-worker observed the performance of ABR in India, Indonesia, and South Africa and reported that nutrient of the effluent of all investigated ABRs systems were comparably high [28] . The highest ammonium removal efficiency found in the study was 84% but the ammonium level in the inlet was 5.78 mg/L, which is lower than the intended target, and came from an ABR unit with good structural performance. In general, the decrease of ammonium level in effluent is due to nitrification processes in ABRs. The average removal of TP was 21%, with more than 90% of the ABR units unable to produce an effluent that met the standard for eutrophication control in fresh water (TP < 1 mg P/L). Our results revealed that average TP in ABRs' effluents was 3 mg/L with a maximum concentration of 5.5 mg/L. Low TP removal efficiencies were probably caused by systems working underloaded (N/P < 5); under such conditions, nutrient deficiency may have led to less bacterial activity and therefore, less biological nutrient uptake [23] . It was expected that phosphorus removal in anaerobic conditions would be lower than under aerobic conditions [34] . Water bodies receiving effluents from ABR units are likely to suffer from poor water quality triggered by the presence of nutrients (e.g., eutrophication), which may limit potential economic opportunities (e.g., fluvial transport and fishing) for riverine communities located downstream, and pathogens pose public health risks due to the possible transmission of waterborne diseases.
Processes 2019, 7, x FOR PEER REVIEW 9 of 13 standards that allowed a maximum BOD concentration of 100 mg/L in the effluent of wastewater treatment systems [33] . Similarly, the concentration of TSS in the final effluent was higher than the current discharge consent (TSS < 30 mg/L; [30] . TSS content in raw urban domestic wastewater ranged from 30 mg/L to 3559 mg/L with an average value of 799 mg/L. The average TSS removal efficiency was 66%, as a result, 64% of 23 ABR units monitored did not produce an effluent that met the TSS discharge consent. This, quite low, performance might have been influenced by stormwater since water samples were collected during the rainy season. TSS removal efficiencies in this work were very similar to the results reported by Singh and his co worker, who reported average TSS removal efficiencies in ABRs TC concentrations in the final effluent were lower than the discharge consent (3000 MPN/100 mL), but it is worth mentioning that the concentration in the inlet was below the intended target. It is assumed that most of the TC were accumulated in the sludge that settles in the first chamber of ABRs. Surprisingly, the average oxygen content increased from an average of 2 mg/L to 4 mg/L in inlet and outlet respectively. Khalekuzzaman and his co-worker also reported that dissolved oxygen was higher in the effluent [35] . This indicates oxic/anoxic conditions occur in ABR for organic biodegradation and nitrification/denitrification processes [29] . The oxygen concentration is safe for aquatic life to sustain fish breeding [23] .
In general, the quality of the effluent from ABR units in Malang does not meet the quality standards set in the regulations issued by the Ministry of Environment and Forestry of the Republic of Indonesia (Regulation No. P.68/2016). Therefore, the emphasis on community empowerment to involve them more in the actual planning, operation and maintenance are crucial to achieve sustainable sanitation service delivery in existing and future facilities.
Conclusions
In this study, 14% of the 89 ABR units assessed had an excellent structural performance with 61% showing medium to low performance. ABR units tested contributed to domestic wastewater treatment, but their final effluent did not meet the Indonesian criteria for the discharge of treated domestic wastewater into surface water bodies. Several parameters were analyzed to investigate the performance of ABR units in Malang city. On average, the removal efficiency for BOD, TSS, NH 4 + , and TP were 74%, 66%, 43% and 21%, respectively. DO concentration in the effluent was higher than
